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INTRODUCT ION

Because of the erosive conditions to which barrel materials are
subjected during the rapid firing of guns, materials for barrels had
to be improved. One such Improvement involved the lining of the bore
of an AlIS! 4|50 steel barrel with a tantalum alloy (Ta~IOW). The
Ta-10W lined barre! was superior to the standard Cr plated barrel
under comparative test firing., A:Research Directorate, RIA repor‘l‘l
documents the techniques used to manufacture the multilayer gun bar-
rel, the results of firing tests, and metaliurgical examinations.
Only the information essential to establishing the relevancy of the
present investigation to maintain continuity wiil be repeated.

The Ta~10W alloy liner and the 4!50 stee! were coextruded at
I1900°F to form a multilayer gun tube, The extrusion produced a satis-
tactory bond, mechanical and metallurgical in nature, between the stesl
and refractory alloy liner.. Metallurgical bonding was accomplished
through an intermediate diffusion zone, and representative areas of
the intertace are depicted in Figure |. Several of the lined tubes were
cold-swaged to form rifled bianks for use as MI34 Minigun barrels,
The brittle characteristic of the diffusion zone is Illustrated in Fig=-
ure 2 which reveais the fragmenting that occurred In this zone during
swaging.

Aithough detrimental effects during test firing cannot be attri-
buted to the diffusion zone, this zone could be a potential trouble
area, Consaquen*ly. lnformafion perfutning to the dlffuslon zone was
desirable, .. .. -

PROCEWRE :

Secticns of a coax*ruded gun #ube weroe usod to analyze the diffusion
2one between the 4150 stee! and the Ta~|I0W liner. The diffusion zone

-In the as-extruded condition was not of sufficlent dimensions to permi ¢

thorough compositional analysis; therefore, a series of isothermal *req*-ﬂ-

_ments at elevated temperature warc parformed to facl!itate growth of

the interfacial zone by ditfus' v Spacimens subjec*ed to Isothermal
Troatments ware prepared by remova: o7 oxcess Stee! 5tock from the gun

‘tube resulting in & specimen 0.6 Inch in diameter and cut to | Inch

in length, All isothermal treatments were conducted in a Leco Glo-Bar
turnace adapted for argon atmosphere operation. Observation of the
spoecimens after remova: from the furnace shéwod no oxidation, which o
indlcated that the inut gas protection was satistactory. identifica- -
tion of the specimens used in this study is presented in Table !. -




FIGURE 1 Interface between 4150 Steel and .
Ta~10H Alloy at 750%. Note Diffusion Zone
. in Unetched (top) and
N1tal Etched (bot*om) COnditions




"Ta-10W

~ Longitudinal (top) and

Transverse (bottom) Sections showing
‘Fragmentation of Diffusion Zone after

" Cold Swaging. - Nital Etch, 750X
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TABLE |

I SOTHERMAL TREATMENTS

Specimen Descrig?ion
0 as extruded

| | hour at 2000°F

2 2 hours at 2000°F

3 3 hours at 2000°F

4 5.5 hours at 2000°F
5 24 hours at 2400°F

Several techniques were used to analyze the diffusion zone.
These techniques included optical metallography, X-ray ditfraction,
Tukon microhardness surveys, and electron microprobe anaiysis. Spe-
citic procedural details concerning analysis of the ditfusion zone will
be descrabed as. nacassary.

Considerabte ditticulty was encountered in the metallographic
_preparation ot specimens which contained the steel, the tantalum alloy,
-~ and the intersddiate compounds in the diffusion zone., Differences in
hardness required the use of procedures which minimized surface relief,

' nameiy, polishing primarily with Jiamond abrasive on nylon cloths, Only 4
tight lapping with ulumina could be used. Aiso, metailographic prepara-

tion ot the Ta-iOW alloy2s3 requires chemical etching with reagents
which rapidiy dissoive the steal, The procedures used in the prepara-

.- .~tion of specimens for metaliographic analysis.are a compromise Since B
a high quality polished and etched surface in the steet, 6iffuslon zone._--i

and Ta-low ailoy was impossible fo ob#ain samulranaously'_
RESULTS

The grovfh of the dif#usaon Zong, as & rasult o! the verious iso-

-.; tharma! treatmonts, can be observad by the series of microstructures

presented in Figures 3 through 8. Spacimens tor metallographic analy-
" §is wera preparad so that the optimum polish and etch existad in the
vicinity of the ditfusion zone. The steel has been etchad, buf the
Ta»low by nocessnfy remains in the una*chad ccndu*ion.
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FIGURE 3  Specimen No. 0 - Original As Extruded
3 ‘ - Conditfon. Transverse Jection, 400X, Nital Etch

"FIGURE 4  Specimen No. 1 - 1 Hour at 2000°F.
- Transverse Section, 400X, Nital Etch




:'Specimen-ﬁo. 2 - 2 Hours at'20009F.

~ FIGURE & 000°F,
: ‘Transverse Section, 400X, Nital Etch
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~ FIGURE 6 Specimen Ko. 3 - 3 Hours at 2000°F,
‘ ' 'irqnsver‘se Section, 300X, Rital Etch
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FIGURE 7 Specimen No. 4 - 15.5 Hours at 2000°F.
Transverse Section, 400X, Nital Etch

Same as Figwie 7 Except at 800X,
"~ Rote the Change fn Structure on the.
- Steel Side of the Diffusion lome

~ FIGURE §.

.7-




The most visible part of the diffusion zone appears white in
these microstructures; however, other changes in the mic¢rostructure
have occurred as evidenced in Figure 8, The same type of micrestruc-
ture on the stesl side of the interface can be seen by cicse observa-
tion of previous samples. Thls zone in the steel appears to be [ower
in carbon than the stee! matrix.

The growth of the white zone is primarily in the direction of
The Te-10W alley and is verified by the smooth Ta-IOW white zone boun-
dary as diffusion proceeds. Measurements of the width of the white
zone were taken, and the results show a parabolic growth of This zone
with time as described by the equation:

W= /KT W = width of white zone {in.)
K = growth rate constant (in.Z/min.)
t = time (min.)

The data for Specimens | through 4 are contained in Table || and are
presented graphlcaAIy in Figure 9. The graph plotted in Figure 9 is
tor K = 4.4 x 107!V in.2/min.

TABLE I

MEASUREMENTS OF WHITE ZONE
AND CALCULATED GROWTH RATE CONSTANT

Width of White Zone Growth Rate Constant
Specimen W (Inches) K (inchesl/minute)
0 1,00 x 1074 e
a 1,53 x 1074 3,92 x 10710
2 2.23 x 1074 4.15 x 10”10
3 | 2.95 : 1074 4,84 x 10”19
4 6.69 x 10”2 4,80 x {0~ 1¢

Specimen 5, heated at 2400°F for 24 hours, is the most useful
sample for analyfiCul purpeses and has been analyzed more completely
than *he cthers. The results of sequential etching of this sample
-are shown In Figures 10 through 7.
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FIGURE 10 Transverse Sectiorn of Specimen No. b,
Unetched at 400X

FIGURE 11 Specimen No. 5, 400X, Etched
6 sec. in 2% Nital. Note the
Appearance of New Part of Diffusion Zone
on the Steel Side which is Resistant to Nital Etch
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FIGURE 12 Specimen No. 5, 400X, Etched 12 sec.
in 2% Nital. Further Etching has Revealed
Microstructure of Region Adjacent to Steel

FIGURE 13  Same as Figure 12 Except at 100X.
The Intermediate Zones Zhown have
a Conbined Wid*h of .007"
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FIGURE 14 Specimen No. 5 Etched 12 sec. in 2%
Nital. Observe the Precipitate, in the
Zone Adjacent to the Steel, which has been
Resolved at 800X
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[ 4 with 48% HF Following Nital Ltch to Show
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FIGURE 16 Specimen No. 5, 400X, after

Swabbing with and by Immersion in
Lactic, Nitric, and Hydrofluoric Acid Etchant
which Chemically Polishes the Ta Alloy

and Dissolves the Steel
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Specimen No., 5, 100X, after
Further Chemical Polishing of the Ta-10W
and Etching by Immersion in a 20% Solution
of Ammonium Bifluoride to Reveal the
Latent Grain Boundaries in Ta-10W Alloy

FIGURE 17

/13




DR L SR

The microstructures show three distinct zones (Figure 13) In
the reglon formed by diffusion. The ragged boundary between Zones
2 and 3 is comparable to the original interface between the stee!
and the Ta=I0W alloy. However, the movement of this interface Is
possibly due to differences in diffusion rates and volume changes
resulting from the formation of new phases.

Etching behavior reveals Zone 3 Is an Iron-rich zone, low in
carbon, similar to the one shown previously in Figure 8, The white
zone extends through Zones | and 2. Justification for the preceding
statement Is the absence of a distinct boundary between Zones | and
2. The white zone forms the matrix for Zone 2, with particles of
other phases dispersed throughout this zone. The etching character-
istics of the materials, illustrated in Figures 16 and |7, seem to be
a contradiction of the above conclusion since Zone | Is attacked much
more rapldly than Zone 2. However, subsequent results and discussion
are provided that will explain this behavior and reinforce the conclu-
sion that the white zone extends through Zones | and 2.

Tukon microhardness measurements, taken on Specimens 4 and 5,
are shown in Figures |8 and 19, respectively. The white zone of
Specimen 4 and Zones | and 2 of Specimen 5 were evtremely hard. Zone
3 of Specimen 5 is comparably soft, as would be expected If this is a
znne depleted In carbon. Specimen 4, however, shows a slight increase
In hardness on the steel side of the white zone. This Increase Is
attributed to the proximity of the hard white zone and is not consi-
dered representative of the structure.

Electron microprobe analysis provided the information contained
in Figure 20 (Specimen 4) and Figure 21 (Specimen 5), These plots
are +he average of several stiip chart recordings obtalned while
traversing the diffusion zone., No useful raesults were obtained from
Specimen 10 since the diffusion zone did not have sufficlient thicknoss,

Speciman 4 was reported to have a visible reaction zone of approxi-
mately two mils. The white zone of Spacimen 4 (Table 1) was not this
thick so apparently ihe specimen for microprobe analysis was not a
true transverse section o perhaps the scan was not perpendicular to
the interface. Whatever the reason, the |inear dimensions along the
absclissa of Figure 20 are not absolute, but they can be roughly norma-
lized to & more agreeable value when multiplied by one-half, The
white zone of Specimen 4 was a unlform-gradient diffusion area. Iron
dropped Immadiately to approximately 8 to 10 weight per cent at the
interface and decreased uniformly to O at the inner adge of the zone.
Tantalum concentration dropped gradually through the diffusion zone

14




Knoop Hardness

survey Position Filar Units Number (KHN)

1 Ta-10W 339 451
1 Ta-10W 3;; 223
1 Ta-10W 2 2
1 White 2one 160 2034
1 Steel 321 5058
1 Steel 372 374
] Stee) 386 348
/4 Ta-10W 334 465
2 White zone 183 : 1590
2 Steel 346 433
2 Steel : 360 400
3 Ta-10W 306 565
3 White zone 164 1936
3 Steel 321 _ 505
3 Steel 360 400
3

Steel 359 402

FIGURE 18 Results of Tukon Microhardness Surveys
_ (.1Kg Toad) on Specimen No. 4. Mag. 400X.
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Knoop Hardness

Survey Position Filar Units Number {KHN)
] Ta-10W 332 469
] Zone 1 158 2086
] Zone 1 150 2314
1 Zone 1 150 , 2314
1 Zone 1 154 2196
] Zone 2 176 1802
1 Zone 2 169 ' 1830
] Zone 3 535 182
] Steel 360 400
2 Zone 1 « lone 2 160 ' 2034
2 Zone 2 176 1700

FIGURE 19 Results of Tukon Microhardness Surveys

(.1Kg load) on Specimen No. 5. Mag. 400X.
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from the 90 weight per cent in the liner alloy fo 80 weight per cent
near the opposite edge of the white zone at which point It quickly
decreased to 0. The concentration of the tungsten dropped from the
alloy concentration fo approximately 5 weight per cent at the steel -
white zone boundary and then decreased to 0 within the steel.

In Specimen 5 (Figure 21), the tungsten has diffused for a much
greater distance, as far as 7 mils from the original interface. Also,
a zone of about | mil occurred where the tungsten concentration re-
mained fairly constant at approximately 5 weight per cent. Particles,
rich in iron, and a few tungsten-rich particles were found in Zone 2.
The tantalum concentration remained constant (80 weight per cent) In
Zones | and 2, except for dips associated with the iron and tungsten
particles. The iron and especially the tungsten particle concentra-
tions, as piottaed, are estimated becauss the particle slze and syr-
face conditions precludad accurate analysis.

Numerous X-ray diffraction patterds were obtained by use of three
tachniques. Only the most conclusive patterns will be presented. How-
ever, X-ray analysis involivad many other pattarns which proved that tha
rasults are reproducible, but did not provide additional information,

A summary of the resuits of X«ray diffraction is presentod in Table i1,
Actual X~ray patterns are shown in Figures 22 through 30, Tha X-ray
dota used for analyzing the patterns are prasented in Table IV which'
also inciudes a comparisan of patterns G and H with these data. The
source of this raference data .is the ASTM card file, with the exception
of the data for FoyTa as reported by wallbaum,4 The Ta-I0W ailoy
lattice purameter varied only slightly from that of tantalus wﬂich was
used to lden?ify the Ta-I0W phase. .

The X-ray data indicate an abundance of Tal in the diftusion zone.
The white :one of Spscicen 4 was identitied as Tal., Analysis of Sps-

“cimon 5 showed that Tal is prosent in contact with aFe and with Ta-IOW

which indicates TaC is the msjor phase in Zones | and 2. The interma-
tallic Fo,Ta was detectoad someshat sporadically, the low angle lines
being tho prime basls for identitication. Pattern J, which stroagly
shows these low angle iines, gave some inferance to the positicn of

the intermeteallic boing balow the Tal since the FepTe was not detected
until soms material was removed from the surfece (comoare patterns

{ and J),

DISCUSSION OF RESULTS

Examination of the dats establishes TaC to e the primary product

19
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FIGURE 28. Pattern G (left) and Pattern H (right) of
Powder Specimens by Debye-Scherrer Technique.
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of ditfusion with supplementary formation of the intermetallic Fe,Ta.
Carbon supplied by diffusion to form TaC resuits in a cz - -cr-dep.eted
zone in the steel.

The white zone exhibited in Figures 3 through 8 has been identi-
fied as TaC. The parabolic growth of the TaC observed in the samples
heated at 2000°F is in agreement with that reported by Krikorian et

).2 for surface carburizaiion of tantalum aithough the growth rate
constant differed by two orders of magnitude. This difference can
easl ly be ascribed to variations in congitions,

Zone | of Specimen 5 and the matrix of Zone 2 are composed of TaC.
Metal lographic results (Figure 17) were the oppasite of this conclusion
and require further comment., The nitric 9nd hydrof luoric acid mixture
is known to dissolve tantalum carb!des.® Zone | and the netwerk
extending into the Ta-|0W alloy have been attacked by these aclds.
However, Zone 2 shows resistance to this etchant., This bahavior was
a result of a thought-provoking situation because, after the steel and
the Fe rich Zone 3 had been chemically stripped trom the sample in
boiling HCI, Zone 2 was attacked by the HNOy plus HF similarly to Zone
I. The explanation invwolves the presance of two galvanic calls during
aotching. Zone | is anodic with respact to the Ta-I0W and corrodes,
but Zone 2 is cathodic to its Fe rich neaighbor material und is protected
frcm tvhe acids.

Tha hardnass of Te( has been recorded’ as ranging from KHN 1800 to
KHN 2000. The values datermingd in this inwstigation (Figures 18 and -
19) are in fair agraemnn* with this range whon the possible sources of
error, inharent in microhardness neasurauen?s with iight loads, are
consigered,

Further evidenca for the abundance of Tal was accumulated by obser~
vation of the ditfusion Zonws of Specimans 4 and 5 at low magnific’fion.
These zones oxhibited a gold luster which is characfar|5fic of Yal’,

An expianation of the results is less distinct than the evidence,
Dittuysion couples in multicomponent systems offer oxtrems analytical
ocorplexily, Phase diagramss for systems such as the one in this inves-
tigation do not exist and, if thay were availadle, only dubious predic-
tion of the phases cdoveloped by ditfusion could be acoomgp!ished bhecause
of the uncartainty of the ditiusion path., The probiem is Thus reduced
to one of speculation with only sudsidiary binary pghase diagrams tor
guidance. Three binary systems will be incorporated into the foilowing
discussion and essential neglect of the ailcying elemants in the stee!
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will be realized. Diffusion at the higher temperature, 2400°F (1315°C),
could result in different phases: than at 2000°F (1092°C), However, the

binary diagrams of C-Ta, Fe-Ta, and Fo-W provide no basis for the occur-
rence of major variations. Therefore, sustained diffusion at lower tem-
peratures can be considered to resuit in a diffusion zone comparable to

that of Specimen 5.

The carbon-tantalum® system shows two carbides, TasC and TaC. Since
only TaC was detected in this study, the assumption is that either the
TagC phase is suppressed in the multicomponent or the more stable TaC is
favored in the absence:of complete equilidbrium. Taking the composition
of the Tal as approximately & waight per cent explains the ambient value
of the Ta (80 weight per cent) in Zones | and 2 (Figure 21).

The iron-tantalum binaryB contains one intermetallic-FesTa. This
was identitiad by X-ray diffraction ot Spacimen 5., Motallographic study
showad particles In 2Zone 2 and microprobe analysis lndicatad high Fe pare
ticles (in Zons 2) with an estimated composition ot 35 to 40 weight per
cant Fe, which agrees witn the compositlion of FeyTa in the binary system.
The Feyls apparently occurs as discrate particles dispersed in Tal, This
would expiain the sporadic detection of FayTa by X-ray ditfraction. The
removal of fragments from the fracture surface (reference Pattern J,
Figure 30) probably gave more favorable exposure of the FepTa particies
to the impingent X-ray beam. This doas not lmply that the FezTa is con-
cantrated in a zone belgw the Tal which would be contradicteory to other
results, :

Tungsten diftysion into the stesl was signitigant. !ron can accom-
modate apprecisble amounts of tungsten in soiution as exnibited In the
Fe-W binary diagram.¥ The moximum solubility of Tuagsten in tho territe
was 5 weight per cent (Figures 20 sad 211, Zone 3 probably accepted
sufficiont tungsten at the dittusion temperature Yo place the corposi-
tion of this zong outsice the goams ioop theraby eliminating the y-u
transformation on cooling, The coarse grains ot Zone 3 would not be
characteristic ot 8 transtormation product. The expstied absence of o
trans{ormation implies that the carbon content of tris zone is extromaly
iow. CGooling of thoe solid selution a would be acconpzaied by rejection
of the intermetallic WFap (or more tikely 3 complex intermetallic) due
to the decrease in solid soludiiiiy of W in the a phase. This could
woli be the precipiete in Zone 3 (Figure 1), ~

Tantalum does not diffuse bayond the original intertace, apparently
" as a consgguance of *the formaticn of Tal. The "high-fupgsten" particies
tound in Zone 2 sre probabily tungsten carbides or coxplex cardides., Tan-
taium and tungsten form a compiete series of solid solutions ruling out
the possibility for an interwetallic.
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A review of this investigation will be helpful in relating the
results to the events that eccur in a gun barre! operating at elevated
temporatures. Carbon di ffuses from the steel and combines with the
Ta-I10W alloy, thus TaC and scattered tungsten carbides are formed and
the steel at the diffusion interface is depleted of carbon, Simulta-
neous ly, tungsten diffuses into the stesi - forming a solid sofution and
iron .diffuses into the Ta-I0W forming discrete particies of the inter-
metallic FeaTa which end up dispersed in a matrix of TaC. The TaC is
the predominant diffysion product and is a hard brittie constituent.
Note that separation-of the liner from the steel! was accomplishad with-
out difficuity by fracturing through the diffusion zone.

The diffusion zone of Specimen 5 should not be construad to re-
prasent the actual ditfusion zone in a gun barrel bacause the quantity
of diffusion necessary to develup such- a zone would not be expected
to occur during manufacturing or the firing of a gun barrel. However,
note thot the diffusion process described in the previous paragraph
will be operative on a3 smaller scale in the barrel ard that the diffu-
sion zone formad wiil continualily approach that of Spacimen 5, being
limited -only by the dependance of diffusion on time and tamperature.

CONCLUS 1ENS

I, Tantalum carbide (TaC} is the prudo:inanf phase tormsd by
diffusion betwoan Ta-10W and 4150 stesl.

2. Growth of the TaC cbeys a paraboﬁic rate isw and grows in
fhe diraction of fhs Ya- (0w,

3. The dittysion zone is herd sad brittle, and is oasily frac~
tyred rosulting in saparation ot liner and s?eel

é. The intermatallic FepTa fores ss particles in a matrix of
TaC. ’ ' :

5, Carbon dittusion results in o carbon depleted zons in the
stoal adjacent to the criginal interface.

6. The extent of tungsten ditfusion into the stcel is appreciable.

7. Tsntalum doss not ditfuse into the stesi to any appreciable
axtent.
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8. Particles of high-tungsten concentraticn, probably tungsten
carbides, are present in the TaC matrix.

9, Three distinct zones are formed by diffusion. The zones are
identified as:
Zone | - TaC
Zone 2 - TaC with FezTa'and high-tungsten particies and
Zone 3 - Carbon-depleted stesel with tungsten in solid solution.
10. The diffusion times and temperatures, necessary to enlarge the

ditfusion zone to a critical thicknass whereby fracture of the multilayer
gun barrel could occur, are not attainable in gun barrel environments,
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